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A radiative model of quark and lepton masses utilizing the binary tetrahedral (T ′) flavor
symmetry, or horizontal symmetry, is proposed which produces the first two generation of
quark masses through their interactions with vector-like quarks that carry charges under
an additional U(1). By softly-breaking the T ′ to a residual Z4 through the vector-like
quark masses, a CKM mixing angle close to the Cabibbo angle is produced. In order to
generate the cobimaximal neutrino oscillation pattern (θ13 6= 0, θ23 = pi/4, δCP = ±pi/2)
and protect the horizontal symmetry from arbitrary corrections in the lepton sector, there
are automatically two stabilizing symmetries in the dark sector. Several benchmark cases
where the correct relic density is achieved in a multi-component DM scenario, as well as
the potential collider signatures of the vector-like quarks are discussed.
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1 Introduction
Neutrino mass and oscillation are thoroughly established experimentally [1–9], as is the
strong evidence for cosmological dark matter (DM) [10–12]; both are widely considered
the best evidence for physics beyond the Standard Model (BSM), particularly given the
robustness of the Standard Model (SM) at explaining the 2016 Run at the Large Hadron
Collider (LHC). Neutrino mass, and subsequent oscillation, pose an interesting set of ques-
tions: why is there such a large gap in the scale of neutrino mass relative to the rest of
the fermion masses in the SM, and why is the neutrino oscillation the way that it is —
comparitivaley large angles relative to the Cabibbo–Kobayashi–Maskawa (CKM) matrix?
A general framework, proposed in 2006, tries to solve these issues by generating neutrino
mass radiatively through the interactions of neutrinos with DM at the one-loop level [13].
While this proposal was not the first model of radiative neutrino mass [14], or the first
model that completed the loops with DM [15], these so-called scotogenic, or Ma, models
provide a comparitively simple way to connect neutrino mass and DM with a single Higgs
at the one-loop level. These Ma models have also been extended to explain lepton and
quark mass [16], which yields interesting signatures at colliders [17–19]. Recently, there
has been interest in extending such radiative models through the addition of vector-like
fermions, and in particular vector-like quarks [20, 21]. Additionally, a program utiliz-
ing various non-Abelian discrete flavor symmetries, or horizontal symmetries, has been
pursued to explain the particular pattern of neutrino oscillation (see Refs. [22, 23] for re-
views). The measurement of θ13 6= 0 [24, 25], and the observation of a 125 GeV Higgs-like
boson [26, 27], disfavors many minimal models of horizontal symmetries that seek to ex-
plain the structure of the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix. However,
a recent proposal for a modified scotogenic model of neutrino mass with a tetrahedral (A4)
horizontal symmetry [28] is able to support the so-called co-bimaximal mixing pattern as
a genuine prediction where θ13 6= 0, δCP = ±pi2 , and θ23 is maximal. While θ23 being
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maximal is disfavored by NOνA at the 2.5 σ level [29], the maximal value of θ23 is still
consistent with most of the neutrino oscillation data [30–32] and so a co-bimaximal mixing
pattern is still well supported by the data. This extension of the Ma model has interesting
features: the addition of vector-like fermions increases potential LHC signatures, and the
model has the potential for multiple components of cosmological DM [28]. Additionally,
any model that utilizes the A4 symmetry could just as easily utilize the double cover known
as the binary tetrahedral group, or simply T ′. Frequently, models that utilize a horizontal
symmetry to explain lepton mixing produce a CKM mixing matrix which is diagonal in
the symmetry basis (for instance Refs. [28, 33–35] are models with horizontal symmetries
that are either agnostic about quark mixing or assume a diagonal CKM), however flavor
symmetries have been used to explain the Cabibbo angle [36, 37] and in particular an
angle close to the physical Cabibbo angle can be produced by utilizing the doublet repre-
sentations of T ′ [38–49], however this flavor symmetry has never been studied before in the
context of a scotogenic, or Ma model. In this paper, a model of radiative lepton and quark
masses with a T ′ horizontal symmetry is proposed. By using the T ′ symmetry and using
vector-like quarks to complete the quark mass loops, an angle close to the Cabibbo angle is
produced. The model is based on the soft co-bimaximal A4 model from Ref. [28], however
the U(1)D is modified (most notably) where the first two generations of quarks are chiral
under this ‘dark’ gauge. The expanded particle content required to cancel anomalies yields
interesting collider signatures, and it is found that the model can support multi-component
DM with several distinct cases.
2 The Model
The particle content for the current proposal is listed in Table 1, and is based on the recent
proposal for cobimaximal A4 neutrino mixing which generates charged lepton and neutrino
mass from the loops shown in Fig. 1 [28]. The SM gauge group (SU(3)C×SU(2)L×U(1)Y )
is expanded with a dark gauge U(1)D, and there are several additional discrete symmetries:
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a dark Z2, a softly broken flavor Z2, and the horizontal symmetry T
′. The ‘flavor’ Z2 forbids
tree level masses for the charged leptons, whereas the addition of two dark symmetries
(Z2 and U(1)D) as well as a horizontal symmetry allows for the generation of neutrino
and lepton masses through the loops from Ref. [28] as discussed below. The non-Abelian
discrete symmetry T ′ (also known as the binary tetrahedral group) is the double cover of
A4, and has many of the same mulitplication rules as A4 namely [50, 51]
3⊗ 3 = 10 ⊕ 11 ⊕ 12 ⊕ 3⊕ 3, (2.1)
1i ⊗ 1j = 1i+j, (2.2)
however T ′ has three doublet representations (20, 21, 22) [50, 51]:
2i ⊗ 2j = 1i+j ⊕ 3, (2.3)
2i ⊗ 3 = 2i ⊕ 2i+1 ⊕ 2i+2, (2.4)
where i, j = 0, 1, 2 mod 3. In addition to the particle content from Ref. [28] there is another
scalar doublet (ρ), a non-trivial T ′ scalar singlet (σ), up-like (U) and down-like (D) vector-
like quarks which are T ′ doublets, and up-like and down-like T ′ singlets (T and B) which
are chiral under U(1)D. The color-charged particles U and D are added to complete the
loop in Fig. 2 in order to radiatively generate the first two generations of quark masses.
Note that these vector-like quarks have dark charge and are also odd under the additional
dark Z2, whereas the particles introduced to cancel anomalies carry the softly broken flavor
Z2. The scalar singlets ζ1 and ζ2, which have integer dark charges, are a T
′ triplet and
trivial singlet respectively and both receive non-zero vacuum expectation values (VEVs),
thus spontaneously breaking U(1)D to a residual Z2, in which particles with half-integer
charges are odd under the residual symmetry and all other particles are even. Even though
the right-handed (RH) quarks carry dark charge while the rest of the SM does not, the
proposed model is anomaly free. The [SU(2)]2U(1)D anomaly is zero since the left-handed
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(LH) quarks and leptons do not carry dark charge, the [U(1)Y ]
2U(1)D anomaly is canceled
by the contribution from T and B:
SM : 2× 3 (23)2 (1) + 2× 3 (−13 )2 (−1) = 2 (2.5)
T /B : 3 (23)2 (−12)− 3 (23)2 (32)+ 3 (−13)2 (12)− 3 (−13 )2 (−32) = −2. (2.6)
While the U(1)Y [U(1)D]
2 anomaly is also canceled by the T and B contributions:
SM : 2× 3 (23) (1)2 + 2× 3 (−13 ) (−1)2 = 2 (2.7)
T /B : 3 (23) (−12)2 − 3 (23) (32)2 + 3 (−13) (12)2 − 3 (−13 ) (−32)2 = −2. (2.8)
That is, the U(1)D anomalies are canceled between the two light generations of qR and
the chiral anomaly coming from T and B in analogy to the U(1)R12 model [52]. The
[SU(3)C ]
2U(1)D and mixed gravitational anomalies are canceled between CR − SR and
T − B separately. Note that the charge assignment required to cancel the U(1)D anomaly
means that the ζ2 scalar must gain a VEV in order for these dark chiral vector-like quarks to
gain a mass, and since these particles carry color-charge it is important that v2 is relatively
large so that these particles can evade existing collider constraints on vector-like quarks.
The mixing terms between scalars are highly restricted from the dark symmetries and
the horizontal symmetry such that the scalar potential terms for the fields that do not
receive VEVs are generally of the form
Vφi = µ
2
iφ
†
iφi + λi|φ†iφi|2 + λHφi |Φ†φi|2 + λζ1φi |φ†iζ1|2 + λζ2φi |φ†iζ2|2, (2.9)
along with quartic interaction terms between each scalar field of the form λφiφj |φ†iφj |2,
where φi 6= Φ, ζ1, ζ2, and where the structure of λφiφj coefficients is fixed by the T ′ as-
signment. The mixing terms between the scalars that do not fit this pattern are λlη˜
†Φχ−
and λqρ
†Φσζ1 which allow for the generation of quark and lepton masses, where the λl
term softly breaks the non-dark Z2, and the λDρ
†ηsζ1 term which allows for potentially
interesting DM phenomenology but is not of particular relevance for this study.
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Table 1: Particle Content
Particles SU(3)C SU(2)L U(1)Y U(1)D dark Z2 T
′ Z2
SM Particles:
(ν, l)L 1 2 -1/2 0 + 3 +
lR 1 1 -1 0 + 3 -
Φ 1 2 1/2 0 + 10 +
QL =
(
(c, s)L
(u, d)L
)
3 2 1/6 0 + 20 +
CR = (cR, uR) 3 1 2/3 1 + 22 +
SR = (sR, dR) 3 1 -1/3 -1 + 21 +
(t, b)L 3 2 1/6 0 + 10 +
tR 3 1 2/3 0 + 10 +
bR 3 1 -1/3 0 + 10 +
Fermions:
NL,R 1 1 0 1/2 + 3 +
EL,R 1 2 1/2 0 - 10 +
F 0L 1 1 0 0 - 10 +
UL,R 3 1 2/3 1/2 - 20 +
DL,R 3 1 -1/3 -1/2 - 22 +
TL 3 1 2/3 -1/2 + 10 -
TR 3 1 2/3 3/2 + 10 -
BL 3 1 -1/3 1/2 + 10 -
BR 3 1 -1/3 -3/2 + 10 -
Scalars:
η 1 2 1/2 -1/2 + 10 +
χ+ 1 1 1 -1/2 + 10 -
s 1 1 0 0 - 3 +
ρ 1 2 1/2 1/2 - 3 +
σ0 1 1 0 -1/2 - 12 +
ζ01 1 1 0 1 + 3 +
ζ02 1 1 0 2 + 10 +
2.1 Lepton Masses
The charged and neutral lepton masses are generated through the loops shown in Fig. 1,
where the ‘flavor’ Z2 symmetry is softly-broken by the trilinear scalar term. Note that this
is the mechanism used to generate the lepton masses in Ref. [28], however the horizontal
symmetry is T ′ instead of A4, and the charge assignment under U(1)D is chosen to be half-
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integer values in analogue to Ref. [53], though these changes do not change the predictions
for lepton mixing. Since the leptonic sector only uses T ′ singlets and triplets the mixing
pattern is identical to a model utilizing just A4 [28], thus the binary tetrahedral model
predicts the so-called cobimaximal neutrino mixing pattern (θ13 6= 0, θ23 = pi/4, δCP =
±pi/2). The correct neutrino mass matrix is generated by the soft-breaking of the T ′
triplet representations to Z3 via the NLNR masses and to Z2 via s1s2 terms as discussed
in Ref. [28] and resulting masses for the leptons are [53]
ml =
flLflR sin(θx) cos(θx)mN
16pi2
(F (X1)− F (X2)) , (2.10)
where F (Xi) = Xi log(Xi)/(Xi − 1), where X1,2 = m2x1,2/m2N and mx1,2 are the scalar
masses resulting from the λlη˜
†Φχ mixing where tan(2θx) = 2vλlm2χ−m2η . The neutrino masses
are given by [28]
mν =
f2sm
2
DmF
16pi2(m2F −m2s)
(G(xf )−G(xs)) , (2.11)
where G(x) = x1−x +
x2 log(x)
(1−x)2 , where xF = m
2
F /m
2
E , xs = m
2
s/m
2
E and mF and mE are the
vector-like fermion masses andmD is the E−F mixing which is assumed to be small [28, 54].
The importance of this mechanism is that the ‘clashing’ symmetry of the charged and
neutral leptons that predicts co-bimaximal mixing (Z3×Z2) will generically have arbitrary
radiative corrections in the scalar sector if sisj terms break T
′ to Z2 and the scalars
generating charged lepton mass break T ′ to Z3, as this forces Z3 breaking counter-terms to
be introduced [28]. However by having the dark symmetries (Z2 and U(1)D), and allowing
the fermions (Ni) to softly break T
′ instead of scalars, these arbitrary corrections are
prevented [28].
While this neutrino mixing pattern predicts the maximal θ23, it is possible that slight
perturbations or corrections can move this prediction slightly away from this value, though
the correlations between mixing angles that are produced from the horizontal symmetry will
generally restrict any such deviation similar to the results in Ref. [54]. It is also important
to note that scotogenic mechanisms for charged leptons and quarks in general modifies
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the measured Higgs branching ratios, which has been studied in detail in the context of
scotogenic models [55] and have potential important consequences for muon g− 2 [20, 21],
though such studies are beyond the scope of this work.
νLνL s
F 0×
ΦΦ
E0 E0
lRlL NR NL
Φ
η+ χ+
Figure 1: One-loop neutrino and lepton masses generated with minimal modification to
the mechanism in Ref. [28].
2.2 Quark Masses
qRQL VR VL
Φζ1
ρ0 σ
Figure 2: One-loop quark masses for the first two generations of quark masses where V
are the corresponding vector-like quarks (U ,D).
The loop for the generation of the u, d, c, and s quark masses is shown in Fig. 2, where
the loop is completed by the T ′ triplet scalar doublet ρ and the non-trivial T ′ singlet
scalar σ0, and the T ′ symmetry is softly-broken by the vector-like quark masses which are
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generated by dimension three terms. The mass matrix for ρ is given by
Mρ =
A B BB A B
B B A
 , (2.12)
where A is a combination of v2,v21, and v
2
2 and B is proportional to just v
2
1. This mass
matrix is exactly diagonalized by the tribimaximal mixing matrix:
UTB =

√
2/3 1/
√
3 0
−1/√6 1/√3 −1/√2
−1/√6 1/√3 1/√2
 , (2.13)
since B only depends on v21 then it is a reasonable assumption that if v2 > v1 that the
resulting masses for ρ are nearly degenerate. The quark mass loop is completed by the
λqΦ
†ρσζ?1 term, so the mixing is relatively small. Given the assumption that the Mρ
masses are nearly degenerate after rotating with the tribimaximal matrix, then the mass
matrix that spans the ρ− σ states, Mρσ, is of the form
Mρσ =
(
m2ρ λqvΦvζ
λqvΦvζ m
2
σ
)
, (2.14)
where the resulting mass states ofMρσ are labeled as y1,2. The quark mass matrix is thus
given by
Mq = fqLfqR sin(θy) cos(θy)
32pi2
Iq, (2.15)
where tan(2θy) =
2λqvv1
m2σ−m2ρ and Iq is a 2x2 matrix where the flavor structure and the loop
calculations has been taken into account. Specifically, for the up-like quarks Iq is of the
form (
−(F [X1] cos(θV)2 + F [X2] sin (θV)2) (F [X1]−F [X2]) sin (2θV)
−(F [X1]−F [X2]) sin (2θV) F [X1] sin (θV)2 + F [X2] cos (θV)2
)
, (2.16)
with F [Xi] = F [Xi1] − F [Xi2], and F [Xij ] = mViXij log (Xij)/(Xij − 1), Xij = m2yj/m2Vi ,
and θV is the mixing angle that diagonalizesMV (the vector-like quark mass matrix), and
for the down-like quarks Iq is
√
2
(
0 F [X1] cos2(θV) + F [X2] sin2(θV)
0 (F [X1]−F [X2]) cos(θV) sin(θV)
)
, (2.17)
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where the miss-match is because of the different transformations of the vector-like quarks
U and D under the horizontal symmetry (T ′). The quark mass matrix squared, | M |2,
is diagonalized by a 2x2 rotation matrix where the angle is a function of θV . The result-
ing CKM matrix is the miss-match between the up-like and down-like sectors. The T ′
symmetry is softly broken by dimension three terms of VLVR of the form
MU ,D =
(
m11+m33+2m13
4
i(m11−m33)
4−i(m11−m33)
4
m11+m33−2m13
4
)
, (2.18)
which is protected by a residual Z4 symmetry where
V1 = (V10 + V13)/2, (2.19)
and
V2 = −i(V11 − V13)/2, (2.20)
where V11 , and V13 are the Z4 flavor states transforming as non-trivial singlets 11 and
13 respectively (where 10 is the trivial singlet) and where V1iV1j = mij and m13 = m31.
Note that this basis where Eq. 2.18 has complex off-diagonals can be rotated in such a way
where in the T ′ limit the mass matrix is given by equal diagonal values. In this basis, the
soft-breaking matrix can be parameterized assuming m33 = m11 + δ which yields(
2m11 + δ + 2m13 δ
δ 2m11 + δ − 2m13
)
, (2.21)
if m13  1 and δ ∝ m13 then the deviation from the T ′ symmetric mass matrix is small.
It is convenient to parameterize the soft-breaking matrix in terms of the mass eigenstate
m11 such that m13 = m11. The rotation that diagonalizes the vector-like quarks is the
same for up-like and down-like V ′s, but the differing textures of Mq produce different
dependence on θV for the V
q
L that diagonalizes | M |2. For the up-like sector the angle θU is
simply tan(2θU ) = δ/(2m13), whereas for the down-like sector is approximately tan(2θD) =
δ/(2m13). The resulting Cabibbo angle as a function of δ/m13, and for various  ≤ 1/2,
are plotted in Fig. 3. While the exact Cabibbo angle can only be fit for very specific choices
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of the soft-breaking terms, a variation on the order of 30% from the physical value can be
fit in a much wider parameter space. It is important to note that in order to fit all of
0.5 0.6 0.7 0.8 0.9 1.0
8
10
12
14
16
δ
m13
θ°
θc±30%θc±20%θc±10%θc±5σ
Figure 3: The first-order value of CKM mixing angle |Vus||Vud| in degrees as a function of the
T ′ soft-breaking terms δ/m13. Banded region represents the physical Cabibbo angle (θc)
±30%, 20%, 10%, and 5σ.
the parameters of the physical VCKM it is well known that a perturbation to this texture
from running effects or some higher level loop contributions must exist [37], or even simply
additional T ′ doublets at a higher mass scale. However if the predicted mixing angle, θc, is
within 15 percent of the physical Cabibbo angle then the relative difference between θc and
the physical Cabibbo angle is the same size as the next largest mixing angle in the CKM;
in comparison to the implementation of quark mixing in Ref. [28], the CKM after soft-
breaking of the horizontal symmetry is still approximately diagonal and thus the deviation
from the physical values is quantitatively smaller in this Binary Tetrahedral model.
For a proof of concept of how this model could accomodate a fully realistic CKM,
consider the two-loop mixing of the first generations with t as shown in Fig. 4, where
ξ±0 ∼ (0,2i,−,−), ξ±1/2 ∼ (1/2,2j,+,−), and ξ01 ∼ (1,2k,+,+) under (U(1)D, T ′,dark
Z2,Z2), and ξ
0
1 receives a non-zero VEV and each new scalar is a singlet under SU(2).
This adds additional complications to the scalar sector, however ξ01 is a T
′ doublet and
only couples to the other scalars via quartic terms, and so these additional scalars will not
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contribute to the Higgs mass directly if each component of the T ′ doublet receive the same
VEV. This consequence is easiest to determine in the Ma−Rajasekaran basis from Ref. [51];
in this basis ξ01ξ
0
1 =
1√
2
(ξ011ξ
0
12−ξ012ξ011), where ξ01i is the ith component of the T ′ doublet and
where 〈ξ011〉 = 〈ξ012〉 6= 0. This ultimately leads to only trilinear terms between the physical
degrees of freedom of ξ01i and Φ (after taking into account additional scalar mixing terms
between ξ01 and ζ1) but has no contributions to the SM-like Higgs boson mass, regardless
of which of the distinct T ′ doublet representations are chosen for ξ, and so there are no
clearly problematic contributions to flavor physics from these new scalars. There is non-
trivial ξ01−ζ1 mixing as the multiplication rules of T ′ (2i⊗2j = 3) generate the appropriate
terms in the scalar potential which are not eliminated after the new constraint equations
are taken into account. In the mass matrix spanned by the scalar degrees of freedom, these
mixing terms will contribute to ζ1 − ξ01 − ζ2 and Im(ζ1)− Im(ξ01) mixing, but the details
of this mixing and the proper prediction of the CKM matrix depend on the exact choice
of T ′ representations chosen for the ξ scalars. These additional scalars will alter the mass
matrices for the first two generations of quarks in order to generate the proper CKM, thus
the physical psuedoscalar couplings and masses should be correlated to the perturbation
of the one-loop quark mixing angles. These scalars also allow new interactions for the
vector-like quarks, however if mξ is large these new decay channels may be suppressed at
the LHC. In addition, these new scalars could be treated as mediators for the dark sector
if the lightest scalar resulting from the σ0 − ρ mixing is the DM candidate for the sector
that carries charge under the additional U(1) gauge group.
2.3 Scalar Sector
There are three scalars with integer charges under the U(1)D gauge symmetry, where Φ
breaks SU(2)L × U(1)Y just as the Higgs field in the SM, where the VEVs of the scalars
charged under U(1)D (〈ζ1i〉 = v1i and 〈ζ2〉 = v2) break the dark gauge to a residual Z2
dark parity, where particles with half-integer charges have odd parity and all others have
12
tRQL UR BL
ξ−0 +
ξ01
ξ+1/2
ζ1
Φ σ
0
ρ χ+
Figure 4: Example of a two-loop extension to generate mixing between the first two
generations of quarks and the top quark, where ξ±0 ∼ (0,2i,−,−), ξ±1/2 ∼ (1/2,2j,+,−),
and ξ01 ∼ (1,2k,+,+) under (U(1)D, T ′, dark Z2, Z2), and ξ01 receives a non-zero VEV.
even parity. The scalar potential relevant to the symmetry breaking is
V = µ2HΦ
†Φ +
λH
2
(Φ†Φ)2 + µ21
∑
i
ζ?1iζ1i +
λ10
2
(ζ?1iζ1i)
2
+ λ11(
∑
i
ω2(i−1)ζ?1iζ1i)(
∑
i
ωi−1ζ?1iζ1i) + λ13(
∑
i
ζ?1(i+2)ζ1iζ
?
1iζ1(i+2))
+
λ13′
2
((ζ?2ζ3)
2 + (ζ?3ζ1)
2 + (ζ?1ζ2)
2 +H.C.)
+ µ22ζ
?
2ζ2 +
λ2
2
(ζ?2ζ2)
2µ12
2
∑
i
(ζ1iζ1iζ
?
2 +H.C.)
+
∑
i
λH1Φ
†Φζ?1iζ1i + λH2Φ
†Φζ?2ζ2
(2.22)
where µ12 can be taken to be by rotating the relative phase between ζ1i and ζ2, and
ω = ei
2pi
3 (note that ωk terms are modulo 3). If the Φ − ζ1 and ζ2 − ζ1 mixing is ignored,
then minimizing the potential for ζ11 yields:
1
ζ?11
∂V
∂ζ11
= µ21 + λ10Σi(v
2
1i) + λ11(v
2
11 + ω
2v212 + ωv
2
13)(v
2
11 + ωv
2
12 + ω
2v213)
+ λ13v11(v
2
12 + v
2
13) + λ13′v11(v
2
12 + v
2
13)
, (2.23)
with similar terms for ζ12 and ζ13. These constraints are met given
v11 = v12 = v13 = v1 =
√ −µ1
3λ10 + 2λ13 + 2λ13′
, (2.24)
and since both Φ and ζ2 are trivial T
′ singlets the corrections to Eq. 2.24 will be equal for
all ζ1i, so this minimization condition can be satisfied even with the mixing terms if all ζ1i
13
VEVs are equal. With v11 = v12 = v13 = v1 and ζ11 = ζ12 = ζ13 = ζ1 the full constraint
equations are
0 = µ2H + λHv
2 + 3λH1v
2
1 + λH2v
2
2 (2.25)
0 = µ21 + 3λ10v
2
1 + 2(λ13 + λ13′)v
2
1 + µ12v2 + λH1v
2 + λ12v
2
2 (2.26)
0 = µ22 + λ2v
2
2 +
3
2
µ12
v21
v2
+ λH2v
2 + 3λ12v
2
1. (2.27)
The resulting mass matrix for h,
√
2Re(ζ1), and
√
2Re(ζ2) is 2λHv
2 6λH1vv1 2λH2vv2
6λH1vv1 6(λ1 + 2(λ13 + λ13′))v
2
1 3(2λ2v2 + µ12)v1
2λH2vv2 3(2λ2v2 + µ12)v1 2λ2v
2
2 − 32µ12
v21
v2
 . (2.28)
In general, there is mixing between the ζ1 and ζ2 scalars, however for simplicity we take the
term 3(λ2v2 +µ12)v1 to be negligible, and v
2  v21,2 so that φ±, and
√
2Im(φ0) become the
longitudinal components of the W± and Z gauge bosons, and h is the 125 GeV SM Higgs
(note that since v2 is responsible for the TR,L and BR,L masses that the assumption that
v22  v2 is necessary for the masses of T and B to be much larger than the SM quarks).
The mass matrix for
√
2Im(ζ1,2) is(
−6µ12v2 3µ12v1
3µ12v1 −3µ12v
2
1
2v2
)
, (2.29)
which is diagonal for the linear combinations of
√
2(v1Im(ζ1) + 2v2Im(ζ2))/
√
v21 + 4v
2
2,
which is massless and becomes the longitudinal mode for the Z ′ boson, and
√
2(v1Im(ζ2)−
2v2Im(ζ1))/
√
v21 + 4v
2
2 which becomes the massive pseudoscalar particle A. The physical
scalar masses are thus
m2h ≈ 2v2
λH − 3λ2H1
2(λ13 + λ13′)
− 2 v
2
2λ
2
H2
λ2v22 − 32µ12
v21
v2
 , (2.30)
m2ζ1R ≈ 6v21(λ10 +2(λ13 +λ13′)), m2ζ2R ≈ v22(λ2−
3
2
µ12
v21
v32
), m2A ≈ −
3µ12(v
2
1 + 4v
2
2)
2v2
. (2.31)
Many of the fermions with U(1)D charge are chiral, and have no Yukawa couplings at
tree-level to ζ1i (or ζ2) with the exception of T and B, which are given by
mT = v2yT , mB = v2yB, (2.32)
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thus for Yukawa couplings on order of one, and v2  v, these vector-like quark masses can
be large.
The mass eigenvalues from ρ− σ and η − χ are given by
my01,2 =
1
2
[
3m2ρ +m
2
σ + cos(2θy)(±m2ρ ∓m2σ)± 6vv1λq sin(2θy)
]
(2.33)
my± =
1
2
m2ρ (2.34)
m2
x±1,2
=
1
2
[
m2η +m
2
χ + cos(2θx)(±m2η ∓m2χ) + 2vλl sin(2θx)
]
(2.35)
mx0 =
1
2
m2η, (2.36)
where tan(2θx) =
2vλl
m2χ−m2η , tan(2θy) =
2vv1λq
m2σ−m2ρ , and there are three copies of y
± that are
nearly degenerate.
2.4 Dark Gauge Sector
The relevant Lagrangian terms for the Z ′ gauge boson are
L ⊃ −1
4
Z ′µνZ ′µν −
sin(κ)
2
Z ′µνBµν + (Dµζ1i)†(Dµζ1i) + (Dµζ2)†(Dµζ2)− V, (2.37)
where Dµ is the covariant derivative (Dµ = ∂µ + iqDgζZ
′
µ) and V is the scalar potential
from Eq. 2.22. Expanding ζ1i and ζ2 under the assumptions in the previous section, yields
m2Z′ ≈ g2ζ (3v21 + 4v22), (2.38)
and where the ζZ ′Z ′ term becomes
2g2ζ (3Re(ζ1)v1 + 4Re(ζ2)v2)Z
′
µZ
′µ, (2.39)
and the ζζZ ′Z ′ becomes
g2ζ (3Re(ζ1)
2 + 4Re(ζ2)
2)Z ′µZ
′µ (2.40)
The structure of the U(1)D charges makes this model very similar to leptophobic Z
′ models
since the only tree-level coupling to the SM is to quarks. There is no tree-level kinetic
mixing term, however such a term can arise at the loop-level due to the coupling to quarks
which generates the κ term, and so there is some non-zero coupling to leptons. This kinetic
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mixing can have an important impact on the dark sector constraints [56, 57], though for
the purposes of this study the mixing is taken to be negligible.
There are some notable differences in this model compared to many common Z ′ models,
namely the top and bottom quarks do not directly couple to the Z ′ so collider searches of the
form pp→ Z ′ → tt do not apply. Mixing contraints involving the b quark do not occur at
tree-level, and the first two up-like quarks carry opposite charges to the first two down-like
quarks. There are additional considerations as leptophobic Z ′ models generically produce
FCNCs in the RH quark decays [58, 59] which can be heavily constraining. However, K0−
K
0
and B0−B0 are less important since the LH quarks do not carry dark charge [60, 61].
Previous studies of Z ′ with only RH coupling to quarks have been carried out, and indicate
that a Z ′ with a mass on order of 1 TeV is still viable for certain mixing constraints,
particularly in a case with a U(2) flavor symmetry [62] which can be accomodated by
the T ′ horizontal symmetry [63]. There are also additional constraints on leptophobic
models from the early LHC searches (cf Ref. [64, 65]), and from the 13 TeV run [66–68],
however there is still a viable range of parameter space for Z ′ models with a gζ ≈ 0.1 and
masses between 1 TeV < mZ′ < 1.5 TeV. Another interesting possibility is if the coupling
constant gζ  1, which allows for much lighter Z ′’s (albeit very weakly interacting) [69].
The addition of vector-like quarks that couple to the Z ′ are another source of FCNC,
however mixing of T −t and B−b are forbidden at tree-level from the flavor Z2 assignment.
If neither the horizontal or the Z2 flavor symmetry are broken by any hard terms, then
the RH coupling to the Z and Z ′ are fixed, and so it is reasonable to assume the RH
quark mixing to be exactly diagonal at first order which eliminates FCNCs in the gauge
sector. Some amount of FCNC are unavoidable in the scalar sector but these are severely
restricted by the additional symmetries, that is the gauge and T ′ assignments prevent
tree-level FCNCs and the soft-breaking terms of T ′ are in the fermion sector. However,
there are still contributions to the FCNCs from box and penguin diagrams. For instance,
the largest source of FCNCs in the box diagrams are from the charged scalar ρ and the
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vector-like quarks U and D, which generate K0 − K0 mixing through the dimension six
(s¯RdL)(s¯LdR) operator which can be estimated as
c
Λ2
≈ δ
2
32pi2(4m213 + δ
2)
f2qLf
2
qR(m
2
y′ −m2y)
(m2Vi −m2y′)(m2Vj −m2y)
≈ 10
−7∆m2yy′
∆m2iy′∆m
2
jy
, (2.41)
where δ and m13 are from the θV mixing angle, my (my′) are the masses of the ρ−σ mixing
and mVi,j are components of the appropriate vector-like T ′ doublets, with the assumption
that the couplings fqL,R ∼ 0.1. The ∆m2yy′ term is constrained by the oblique parameters
and other electroweak precision tests, whereas ∆m2iy can be quite large, and so the overall
contribution to FCNCs will in general be below existing upper-limits [70]. This suppression
is a general feature of the box diagrams in this model, and so similar expressions can apply
to different dimension six FCNC operators. There are also penguin diagram contributions,
though the loop structure is similar to the one-loop diagrams that generate the up and
down-like quark masses from Fig. 2. Since these loops involve the vector-like quarks and
the doublets ρi, the contribution to the leptonic FCNCs decays, such as B
0
s → l±l∓, will
primarily arise from Z ′ kinetic mixing term which is small. That is, while η − χ mixing
can introduce some leptonic FCNC terms, there is no tree-level ρ− η mixing which means
there is no direct connection between the additional scalars that couple to quarks and the
scalars that couple to leptons.
2.5 Dark Matter
The dark sector is potentially very complicated: in the dark-charged sector the DM candi-
date is the lightest mass state of any of the neutral scalars (η0, ρ0i , and σ
0) or the lightest
neutral fermions Ni, and for the dark-parity-only sector it is potentially the lightest neutral
fermion (E0 of F 0) or si. However, there are numerous constraints on scalar DM particles
that interact with the electroweak (EW) gauge bosons, so to avoid these we set the mass
spectrum such that N1 and s1 are the only DM candidates. The main interactions relevant
for the relic density are show in Fig. 5 for the fermionic DM candidate, and in Fig. 6 for the
scalar DM candidates. Even in this framework however, there are several major scenarios:
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either N or s are the bulk of the cosmological DM or each species significantly contributes
to the cosmological DM. Before any further assumptions of masses are made, the relevant
SM-DM couplings are given in the mass basis by
f ′lL
[
eLN1R(cos(θx)x
−
1 − sin(θx)x−2 ) + νLNRx0
]
, (2.42)
f ′lR
[
eRN1L(cos(θx)x
−
2 + sin(θx)x
−
1 ) + νLN1Rx
0
]
, (2.43)
fss1(eLE
+
R + νLE
0
R), (2.44)
and
fNE(cos(θy)y
0
1 − sin(θy)y02)N1,2,3E0R. (2.45)
There are potential collider constraints on the masses of the scalars, and of the vector-like
fermions, however masses on order of a few hundred GeV for the scalars and on order of
500 GeV can be sufficient to avoid these constraints [17, 71]. An interesting consequence
of the proposed model is the existence of a particular mass scheme where the scalar DM
species mass is on order of hundreds of MeV (the minimal Ma model can also accomodate
MeV DM [72]), but because of the multiple component nature the relic density constraints
can still be met with the fermionic dark matter on order of 100 GeV. However, in this
mass range there are extra constraints that need to be considered. In particular the Higgs
invisible width contribution from the h→ ss is an important constraint, where the partial-
width is given by
Γh→ss =
v2λ2sh
√
m2h(m
2
h − 4m2s
32pim4h
, (2.46)
which yields Γh→ss/Γh ≈ 0.07 for ms ≈ 100 MeV and λsh = 0.01. Additionally, there are
potential contraints from ss→ LL via the t-channel exchange of ER,L as well as Big Bang
Nucleosynthesis (BBN) constraints for such light DM [73]. In this mass range the scalar
DM species only represents approximately one third of the total cosmological DM, for a
particular set of masses and couplings, which reduces constraints on the annihilation cross
section of DM. Unlike other models with sub-GeV DM the Z ′ and the DM scalar DM species
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have couplings to SM particles and cannot avoid BBN constraints [74], and so results from
Planck on the annihilation cross-section rule out this particular mass scheme [75].
l¯
l
x±1,2,x0
N
N
Z ′
Z ′
N
N¯
N
q¯R
qR
N¯
N
Z ′
Figure 5: Relevant diagrams for NN annihilation contribution to 〈σv〉.
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Φ, y01,2, y
±, ζ1, ζ2
Φ†, y0⋆1,2, y
∓, ζ⋆1 , ζ
⋆
2
s
s
Figure 6: Relevant diagrams for ss annihilation contribution to 〈σv〉.
However, there are three additional mass schemes that produce thermal relic DM
candidates in a mass range that can avoid the constraints from Planck:
• Model A: mE0 = 455 GeV, mE± = 450 GeV, mF 0 = 600 GeV, mx±1 = 646 GeV,
mx±2
= 654 GeV, mx0 = 650 GeV, my± = 247 GeV, my01 = 250 GeV, my02 = 252
GeV, with gζ = 0.1 and mZ′ = 1200 GeV.
• Model B: mE0 = 455 GeV, mE± = 450 GeV, mF 0 = 600 GeV, mx±1 = 646 GeV,
mx±2
= 654 GeV, mx0 = 650 GeV, my± = 247 GeV, my01 = 250 GeV, my02 = 252
GeV, with gζ = 0.00033 and mZ′ = 2.7 GeV, ms = 100 GeV, mN1 = 70 GeV.
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• Model C: mE0 = 850 GeV, mE± = 825 GeV, mF 0 = 600 GeV, mx±1 = 998 GeV,
mx±2
= 1006 GeV, mx0 = 1002 GeV, my± = 646 GeV, my01 = 650 GeV, my02 = 654
GeV, with gζ = 0.0025 and mZ′ = 20 GeV, ms = 150 GeV, mN1 = 9 GeV.
In each of these models the rest of the particle content is taken to be on the order of a TeV.
In order to determine relic denisty and direct detection constraints on the spin-independent
(SI) cross section in an automated way, the relevant Lagrangian terms are implemented
using FeynRules [76] in order to generate model files to use with MicrOmegas [77]. For the
numerical analysis the relic density is allowed to vary:
0.11 . Ωh2 . 0.13. (2.47)
For direct detection the LUX 2016 and PandaX direct detection limits on the SI cross
section are used (where the reported limit is on order of 4 times stronger than LUX
2015) [78–80]. However, since this model is potentially multi-component, the direct de-
tection constraints are fitted to the SI cross section modified by the proportion of the total
relic density that each species contributes to the overall cosmological relic density for that
particular mass [81].
Model A: The dark matter masses are scanned over for the case where fs = 0.22,
flL = flR = 0.7, and λsH = 0.01 and displayed in the ms−mN mass plane in Fig. 7. Even
taking into account the latest LUX/PandaX constraints on the SI cross section, significant
regions of the thermal relic DM parameter space survive.
Model B/C: For these models a full numerical scan was not performed, however, both
are able to fit the relic density range from Eq. 2.47 and are below the SI cross section upper-
bound from LUX/PanadaX, and for the mass choices are able to avoid the constraints on
the annihilation cross section from Planck. These parameter spaces are of potential interest
for the existence of their relatively light Z ′ and, in Model C’s case, their relatively heavy
scalar masses.
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Figure 7: Scan of Model A mass scheme in ms−mN plane, where plotted points produce
a DM relic density between 0.11 . Ω0h2 . 0.13, are lower than the bound on σSI from
LUX 2016/PandaX, and the region where the DM candidates meet both constraints.
2.6 Collider Signatures
The proposed model has additional EW states, an additional gauge boson, and additional
heavy colored states any of which could produce a novel collider signature. However,
new EW scalar states that do not mix with the Higgs (ie inert or dark scalars) may
be challenging to find at a hadron collider [17], however the phenomneology of the x±1,2
states are essentially identical to previously studied models and so the primary source
of potential collider signatures at the LHC are from the vector-like quarks or the Z ′.
The U and D vector-like quarks can be pair produced at the LHC, and their subsequent
decay chain is to a quark, a lepton, and both species of DM, where the flavor of the
lepton species will be fixed by the horizontal symmetry, however, this decay chain involves
multiple mediators which can reduce the signal and complicate the analysis. An alternative
signature is the production and decay of T and B, which decays to a top or bottom quark
respectively, and x± which subsequently decays to a neutral fermion Ni and a charged
lepton as shown in Fig. 8. Thus, if these vector-like quarks are the lightest colored-states,
then the primary collider searches for colored particles in this model are to 2 bottom
(top) quarks, 2 leptons, and missing energy, in contradistinction to the typical vector-like
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quark searches [82]. Addtionally, the Z ′ can be searched for at the LHC through dijet
signatures [65, 83], assuming the mass and coupling choices of Model A. Future precision
measurement of the Higgs coupling may also be able to rule out this model from either
a more precise measurement of the invisible branching fraction [84] or from deviations in
various Higgs boson couplings that occur in scotogenic models generally [55].
T L
TL
N1
N1
e+
e−bR
bR
BL
BL
N1
N1
e+
e−tR
tR
Figure 8: Pair production from gluons of T (B) and subsequent decay to SM particles and
the fermionic DM species (N1).
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3 Conclusion
In this work a scotogenic model of neutrino and charged lepton masses was extended to
generate the first two generations of quark masses through their interaction with vector-like
quarks. Additionally, the binary tetrahedral symmetry T ′, in lieu of A4, is utilized for the
first time in the scotogenic framework. Using a particular T ′ assignment which is softly-
broken by the vector-like quark mass terms to a residual Z4, the model is found to produce
a mixing angle close to the Cabibbo angle. The quark masses are generated through their
interaction with the additional vector-like quarks, which carry both dark charge and are
odd under an exactly conserved Z2. The first and second generation of quarks are allowed
to transform under the U(1)D, which necessitates the addition of T
′ singlets that are
chiral under the dark gauge, but vector-like under the SM gauge group, in order to cancel
anomalies. The model thus has a leptophobic Z ′, and two DM candidates (one scalar s
and one fermion N), and is found to successfully fit the relic density, the constraints on the
annihilation cross section from Planck, and evade the latest SI cross section limits from the
direct detection experiments LUX and PandaX. In addition, the decays of the vector-like
quarks T and B are shown to produce a very interesting signature which could be found at
colliders in the future with an interesting final state when compared to existing vector-like
quark models being investigated at the LHC.
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